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(57) A detector unit, a detector array, a detector array
motherboard, a detector, and a LiDAR. The detector unit
includes: a photosensitive pixel including multiple photo-
sensitive devices; and a microlens array located on a
side of the photosensitive pixel, a light is incident on the
side, and the microlens array includes multiple micro-
lenses having a one-to-one relationship with the multiple
photosensitive devices; a microlens of the multiple mic-
rolenses includes a protrusion, and a material of the pro-

trusion is an inorganic material. An encapsulation mate-
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rial can contact with a surface of the microlens without
retaining an air gap between the encapsulation material
and the microlens, which can improve the reliability of
the device effectively, and reduce the encapsulation dif-
ficulty. Particularly, for a vehicle device, reducing forma-
tion of the air gap is advantageous for passing vehicle
regulation certification.
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Description

[0001] This application claims priority to Chinese Pat-
ent Application No. 2021115033332 titled "DETECTOR
UNIT, DETECTOR ARRAY, DETECTOR ARRAY
MOTHERBOARD, DETECTOR, AND LIDAR" and filed
with the China National Intellectual Property Administra-
tion on December 9, 2021, the content of which is incor-
porated herein by reference in its entirety.

TECHNICAL FIELD

[0002] This disclosure relates to the field of light de-
tection, and, in particular, to a detector unit, a detector
array, a detector array motherboard, a detector, and a
LiDAR.

BACKGROUND

[0003] A LiDAR is a commonly used ranging sensor
characterized by long detection range, high resolution,
less environmental interference, or the like, and is widely
used in the fields such as smart robots, unmanned aerial
vehicles, autonomous driving, or the like. The working
principle of the LIiDAR is to use time a laser spent on
travelling back and forth between a radar and a target,
or a frequency shift generated by frequency modulated
continuous light travelling back and forth between the
radar and the target to evaluate information such as a
distance or speed of the target, or the like.

[0004] Ranging performance is an important technical
indicator of the LIDAR. With the introduction of a single
photon detector device, such as silicon photomultiplier
("SiPM"), single photon avalanche diode ("SPAD"), or
the like, into the LIDAR, stronger photon detection capa-
bility, higher sensitivity, and lower electronic noise make
the single photon detector device increasingly favored
by industry insiders.

[0005] Ina photosensitive pixel using the single photon
detector device, such as SiPM, SPAD, or the like, an area
of a photosensitive region is much smaller than a pixel
area, that is, a filling factor of the area of the photosen-
sitive region relative to the pixel area is quite small, and
only a light signal incident on the photosensitive region
can be effectively detected. This limits detection efficien-
cy of the photosensitive pixel. To improve the detection
efficiency, a microlens array is usually provided on a sur-
face of the photosensitive pixel to focus light on the pho-
tosensitive region.

[0006] However, even if the microlens array is provid-
ed, the detection efficiency of the detector unit still re-
mains to be improved.

SUMMARY
[0007] A problem to be solved in this disclosure is to

provide a detector unit, a detector array, a detector array
motherboard, a detector, and a LiDAR, to improve de-
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tection efficiency of the detector unit.

[0008] To solvethe above problem, this disclosure pro-
vides a detector unit, including:

a photosensitive pixel including multiple photosensitive
devices; and a microlens array located on a side of the
photosensitive pixel, wherein a light is incident on the
side and the microlens array includes multiple microlens-
es. The multiple microlenses have a one-to-one relation-
ship with the multiple photosensitive devices; the micro-
lens includes a protrusion, and a material of the protru-
sion is an inorganic material.

[0009] Optionally, the inorganic material is silicon.
[0010] Optionally, the microlens array is formed on a
surface of the photosensitive pixel.

[0011] Optionally, a process of forming the microlens
array includes: a deposition process.

[0012] Optionally, the microlens is a planar microlens.
[0013] Optionally, the microlens includes multiple pro-
trusions, and the microlens is a diffractive lens.

[0014] Optionally, the microlens is at least one of a
Fresnel zone plate and a metalens.

[0015] Optionally, the microlens can converge a light
signal to a high electric field region of a corresponding
photosensitive device.

[0016] Optionally, the photosensitive device is a back
side illumination photosensitive device; the photosensi-
tive device includes a first surface provided with an elec-
trode and a second surface opposite to the first surface;
and the microlens is located on a side of the second sur-
face.

[0017] Optionally, the detector unit further includes: a
reflective layer located on the first surface of the photo-
sensitive device.

[0018] Optionally, the light signal is reflected from the
first surface of the photosensitive device after transmit-
ting through the microlens array and the photosensitive
device sequentially.

[0019] Optionally, the photosensitive device is a front
side illumination photosensitive device; the photosensi-
tive device includes a first surface provided with an elec-
trode and a second surface opposite to the first surface;
and the microlens array is located on a side of the first
surface.

[0020] Optionally, the microlens further includes: a fill-
er layer located on the first surface of the photosensitive
device.

[0021] Optionally, the material of the filler layer is a low
light loss material.

[0022] Optionally, the material of the filler layer is sili-
con oxide.

[0023] Optionally, the detector unit further includes: a
cladding material at least filling a gap between adjacent
protrusions. A refractive index of the cladding material is
lower than a refractive index of the material of the pro-
trusions.

[0024] Optionally, atop surface of the cladding material
is higher than a top surface of the protrusion.

[0025] Optionally, the detector unit further includes: an
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air gap located at least between adjacent protrusions.

[0026] Optionally, the detector unitfurtherincludes: an
encapsulation layer located at least on the microlens ar-
ray.

[0027] Optionally, the photosensitive device is a single

photon detector device.

[0028] Optionally, the microlens can converge a light
signal to a depletion layer of a corresponding photosen-
sitive device.

[0029] Accordingly, this disclosure further provides a
detector array, including: detector units arranged in an
array. The detector units are the detector units described
in this disclosure.

[0030] Thisdisclosure further provides a detectorarray
motherboard, including: multiple detector arrays. The de-
tector arrays are the detector arrays described in this
disclosure.

[0031] This disclosure further provides a detector, in-
cluding: at least one detector array. The detector array
is the detector array described in this disclosure.

[0032] This disclosure further provides a LiDAR, in-
cluding: a light source used to generate light; and a de-
tector used to receive echo light. The detector is the de-
tector described in this disclosure.

[0033] Compared with the prior art, technical solutions
of this disclosure have the following advantages:

In the technical solutions of this disclosure, the material
of the protrusion used to converge light of the microlens
is an inorganic material. A refractive index of the material
of the protrusion is different from a refractive index of an
encapsulation material of the detector unit. In such a
case, encapsulation can be performed on a surface of
the microlens directly, that is, the encapsulation material
can contact with the surface of the microlens without re-
taining an air gap between the encapsulation material
and the microlens, which can improve the reliability of
the device, and reduce the encapsulation difficulty effec-
tively. Particularly, for a vehicle device, reducing forma-
tion of the air gap is advantageous for passing the vehicle
regulation certification.

[0034] In an optional solution of this disclosure, the mi-
crolens array is formed on a surface of the photosensitive
pixel directly. The microlens array is integrated with the
photosensitive pixel directly, which not only can improve
the integration level of the device and improve the stability
of the device effectively, but also can reduce assembly
stepsinthe later stage and reduce the assembly difficulty.
[0035] In an optional solution of this disclosure, the mi-
crolens is a planar lens, that is, in the microlens, heights
of surfaces of all protrusions are the same. Surfaces
through which the light transmitting are all flat planes,
instead of curved surfaces. A surface of the microlens
facing the encapsulation material is parallel to the surface
of the photosensitive pixel. Using planar lens and reduc-
ing curved surfaces can ensure the controllability of the
manufacturing process effectively, and can ensure the
accuracy of the microlens effectively.
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BRIEF DESCRIPTION OF DRAWINGS

[0036] To more clearly describe the technical solutions
of the embodiments of this disclosure or the prior art, the
drawings to be used in the description of the embodi-
ments or the prior art are briefly introduced below. Ap-
parently, the drawings described below are merely some
embodiments of this disclosure. For those of ordinary
skills in the art, other drawings may also be obtained
based on these drawings without making creative work.

FIG. 1 shows a schematic diagram of a cross-sec-
tional structure of a detector unit;

FIG. 2 shows a schematic diagram of a cross-sec-
tional structure of a detector unit in a first embodi-
ment of this disclosure;

FIG. 3 shows a schematic diagram of a light path
configuration for converging light by a microlens in
amicrolens array of the detector unit shownin FIG. 2;
FIG. 4 shows a schematic diagram of magnified
structure of the microlens shown in FIG. 3;

FIG. 5 shows a schematic diagram of phase distri-
bution of light during transmission of the light through
the microlens shown in FIG. 3;

FIG. 6 shows a schematic diagram of phase distri-
bution of light during transmission of the light through
a microlens of a detector unit in a second embodi-
ment of this disclosure;

FIG. 7 shows a relationship between a protrusion in
ametalens and a transmission phase of the detector
unit in the embodiment shown in FIG. 6;

FIG. 8 shows a schematic diagram of a cross-sec-
tional structure of a detector unit in a third embodi-
ment of this disclosure;

FIG. 9 shows focusing of parallel incident light by a
microlens of the detector unit in the embodiment
shown in FIG. 8;

FIG. 10 shows a schematic structural diagram of a
detector unit in a fourth embodiment of this disclo-
sure;

FIG. 11 shows focusing of parallel incident light by
a microlens of the detector unit in the embodiment
shown in FIG. 10; and

FIG. 12 shows focusing of parallel incident light by
a microlens of a detector unit in a fifth embodiment
of this disclosure.

DETAILED DESCRIPTION

[0037] As can be known from the BACKGROUND, a
colored fingerprint imaging module in the prior art has a
problem of poor imaging effects. Here, reasons for the
problem of the poor imaging effects are analyzed based
on a structure of the fingerprint imaging module.

[0038] As can be known from the BACKGROUND,
even if a microlens array is provided in the prior art, de-
tection efficiency of a detector unit is still low. Here, rea-
sons for the problem of the low detection efficiency are
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analyzed based on a structure of a detector unit.

[0039] As shown in FIG. 1, a schematic diagram of a
cross-sectional structure of a detector unit is shown.
[0040] The detector unit includes: a substrate 11; a
photosensitive pixel 12, the photosensitive pixel 12 being
located on the substrate 11, one side of the photosensi-
tive pixel 12 being connected and fixed to the substrate
11 through a conductive silver adhesive 13; the other
side of the photosensitive pixel 12 being connected to an
interconnection structure 14a in the substrate 11 through
a connection wire 14; and a microlens array 15, the mi-
crolens array 15 being located on the photosensitive pixel
12.

[0041] The photosensitive pixel 12 includes multiple
photosensitive devices (not shown in the figure). The
photosensitive device is a single photon photosensitive
device, such as a SPAD device array or a SiPM device.
The microlens array 15 includes multiple microlenses.
The microlenses have a one-to-one relationship with the
photosensitive devices. The microlenses can converge
a light signal to a photosensitive region of a correspond-
ing photosensitive device.

[0042] The microlens array 15 is usually manufactured
using, forexample, a photoresist melting technology (that
is, melting a cube-shaped photoresist to form a spherical
shape), a nanoimprinting technology, or the like. These
manufacturing methods are less accurate in controlling
the appearance and precision of the microlenses, and
the microlens array also tends to have a filling factor lower
than 100%, which changes refraction effect of the mic-
rolens array, resulting in unstable optical performance,
making it difficult to converge the light signal to the pho-
tosensitive region of the photosensitive device accurate-
ly, and resulting in low detection efficiency of the detector
unit.

[0043] Further, the microlens array cannot be com-
pletely filled, with the filling factor lower than 100%, which
can also cause unpredictable gaps in the microlens array
and the detector unit, which can cause reliability risks for
the device.

[0044] Inaddition, as showninFIG. 1, the detector unit
further includes: an encapsulation layer 16. The encap-
sulation layer 16 covers the substrate 11, the photosen-
sitive pixel 12, and the microlens array. In the prior art,
a most reliable and most inexpensive encapsulation so-
lution is an encapsulation solution based on an organic
material, that is, the material of the encapsulation layer
16 is an organic material. The material of the microlens
array 15 manufactured using, for example, the photore-
sist melting technology (that is, melting a cube-shaped
photoresist to form a spherical shape), the nanoimprint-
ing technology, or the like is usually also an organic ma-
terial.

[0045] Insucha case, arefractive index of the material
of the microlens array 15 is very close to a refractive
index of the material of the encapsulation layer 16. In
case of direct encapsulation, that is, the encapsulation
layer 16 covers a surface of the microlens array 15 di-
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rectly, the direct contact between the encapsulation layer
16 and the surface of the microlens array 15 can cause
the refractive indexes of the materials on both sides of
the interface between the microlens array 15 and the
encapsulation layer 16 to be too close, which can affect
or even eliminate the refraction effect of the microlenses,
and weaken or even disable the light converging ability
of the microlenses.

[0046] To ensure the optical effects while realizing en-
capsulation, an air gap 17 is provided between the mic-
rolens array 15 and the encapsulation layer 16, that is,
the encapsulation layer 16 does not contact with an op-
tical surface of the microlens array 15 directly, and air is
retained below the encapsulation layer 16 and above the
microlens array 15. However, the air is greatly affected
by an environment. The presence of the air gap 17 can
reduce the reliability of the device, also impose very high
requirements for the encapsulation process, and in-
crease the complexity of the encapsulation process.
[0047] Particularly, when the detector unit is used in a
vehicle LiDAR, the presence of the air gap 17 is a big
challenge for the vehicle regulation certification.

[0048] To solve the technical problems, this disclosure
provides a detector unit, including:

a photosensitive pixel including multiple photosensitive
devices; and a microlens array located on a side of the
photosensitive pixel, a light is incident on the side. The
microlens array includes multiple microlenses. The mic-
rolenses have a one-to-one relationship with the photo-
sensitive devices. The microlenses includes a protrusion,
and a material of the protrusion is an inorganic material.
[0049] Intechnical solutions of this disclosure, the ma-
terial of the protrusion used to converge light is an inor-
ganic material. A refractive index of the material of the
protrusion is different from a refractive index of an en-
capsulation material of the detector unit. In such a case,
encapsulation can be performed on a surface of the mi-
crolens directly, that is, the encapsulation material can
contact with the surface of the microlens directly without
retaining an air gap between the encapsulation material
and the microlens, which can improve the reliability of
the device, and reduce the encapsulation difficulty effec-
tively. Particularly, for a vehicle device, reducing forma-
tion of the air gap is advantageous for passing the vehicle
regulation certification.

[0050] To make the above objects, features, and ad-
vantages of this disclosure more obvious and under-
standable, specific embodiments of this disclosure are
described in detail below with reference to the drawings.
[0051] Referring to FIG. 2, a schematic diagram of a
cross-sectional structure of a detector unit in an embod-
iment of this disclosure is shown.

[0052] The detector unitincludes: a photosensitive pix-
el 110, the photosensitive pixel 110 including multiple
photosensitive devices (not shown in the figure); and a
microlens array 120. The microlens array 120 is located
on a side of the photosensitive pixel 110, a light is incident
on the side. The microlens array 120 includes multiple
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microlenses 121. The microlenses 121 have a one-to-
one relationship with the photosensitive devices. The mi-
crolenses 121 includes a protrusion 122. The material of
the protrusion 122 is an inorganic material.

[0053] The material of the protrusion 122 used to con-
verge light is an inorganic material. A refractive index of
the material of the protrusion 122 is different from a re-
fractive index of an encapsulation material of the detector
unit. In such a case, encapsulation can be performed on
a surface of the microlens 121 directly without affecting
its optical performance, that is, the surface of the micro-
lens 121 can contact with the encapsulation material di-
rectly without affecting the optical performance. There is
no need of retaining an air gap between the microlens
121 and the encapsulation material, which can improve
the reliability of the device, and reduce the encapsulation
difficulty effectively. Particularly, for a vehicle device, re-
ducing formation of the air gap is advantageous for pass-
ing the vehicle regulation certification.

[0054] The photosensitive pixel 110 can receive a light
signal and convert the light signal into an electrical signal.
The photosensitive pixel 110 includes multiple photosen-
sitive devices arranged in an array.

[0055] In some embodiments of this disclosure, the
photosensitive device is a single photon detector device.
Specifically, the photosensitive device includes: a SPAD
device. The SPAD (Single Photon Avalanche Device)
device, that is, a single photon avalanche diode, is an
avalanche photodiode working in a Geiger mode, and
can be used to detect a weak light signal or even a single
photon signal. Application forms of photodetectors main-
ly include SPAD arrays or silicon photomultipliers
(SiPMs).

[0056] In some embodiments of this disclosure, the
photosensitive pixel 110 is located on the substrate 101.
One side of the photosensitive pixel 110 is connected
and fixed to the substrate 101 through a conductive silver
adhesive 102, and the other side of the photosensitive
pixel 110 is connected to an interconnection structure
103 in the substrate 101 through a connection wire 104.
[0057] The microlens array 120 can adjust the light in-
cident on the photosensitive pixel 110.

[0058] Specifically, the microlens array 120 includes
multiple microlenses arranged in an array. The multiple
microlenses have a one-to-one relationship with the mul-
tiple photosensitive devices, that is, the microlens can
adjust the light incident on a corresponding photosensi-
tive device.

[0059] The microlens includes a protrusion 122. The
protrusion 122 can converge light. Specifically, the ma-
terial of the protrusion 122 is an inorganic material. The
refractive index of the protrusion 122 is greatly different
from the refractive index of the encapsulation material
used in post-encapsulation process. In such a case, op-
tical performance is not be affected even if the protrusion
122 contacts with the encapsulation material directly.
That is to say, encapsulation can be performed on the
surface of the protrusion 122 of the microlens 121 directly
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without retaining the air gap.

[0060] In some embodiments of this disclosure, the
photosensitive device is a single photon detector, in such
acase, the microlens in the microlens array 120 can con-
verge a transmitted light signal to a depletion layer of the
corresponding photosensitive device. A region used to
transmit a light signal on a surface of the single photon
detector is a photosensitive surface. Components such
as an electrode, a lightisolation structure, or the like need
to be manufactured around the photosensitive surface.
In such a case, a filling factor determined based on a
comparison between the photosensitive surface of the
photosensitive device and a total surface area of the pho-
tosensitive device is relatively small, but only photons
that are incident on the photosensitive region (i.e., the
depletion layer) through the photosensitive surface can
be detected by the photosensitive device effectively.
Therefore, the arrangement of the microlenses can en-
hance the intensity of light incident on the depletion layer
of the corresponding photosensitive device effectively,
which can improve the detection efficiency of the single
photon detector.

[0061] In some embodiments of this disclosure, the in-
organic material is silicon (with a refractive index of about
3.5). Manufacturing the protrusion 122 using a silicon
material can minimize light loss through waveband se-
lection. And silicon selected as the material of the pro-
trusion 122 can be compatible with the manufacturing
process of the photosensitive pixel 110. The photosen-
sitive pixel 110 and the microlens array 120 can be man-
ufactured in the same process flow.

[0062] It should be noted that in some embodiments
of this disclosure, the microlens includes a base (not
shown in the figure). The protrusion 122 is located on a
surface of the base, and the base and the protrusion 122
are an integrated structure. In some other embodiments
of this disclosure, the microlens can only include the pro-
trusion 122.

[0063] Insomeembodiments of this disclosure, the mi-
crolens array 120 is formed on the surface of the photo-
sensitive pixel 110. The microlens array 120 is formed
on the surface of the photosensitive pixel 110 directly. A
surface of the microlens array 120 facing the photosen-
sitive pixel 110 contacts with a surface of the photosen-
sitive pixel 110 facing the microlens array 120 directly.
The lens array is formed on the surface of the photosen-
sitive pixel 110 directly. The microlens array 120 is inte-
grated with the photosensitive pixel 110 directly, which
not only can improve the integration level of the device
and improve the stability of the device effectively, but
also can reduce assembly steps in the later stage and
reduce the assembly difficulty.

[0064] Insome embodiments of this disclosure, the de-
tector unit further includes: a cladding material 123. The
cladding material 123fills atleast a gap between adjacent
protrusions 122, and a refractive index of the cladding
material 123 is lower than a refractive index of the ma-
terial of the protrusions 122. The cladding material 123
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is filled between the protrusions 122 to protect and en-
hance. Specifically, the refractive index of the cladding
material 123 is lower than the refractive index of the ma-
terial of the protrusions 122. For example, the cladding
material 123 may be a polymer, a silicon compound, or
the like.

[0065] In some embodiments of this disclosure, a top
surface of the cladding material 123 is higher than a top
surface of the protrusions 122. The top surface of the
cladding material 123 is made higher than the top surface
of the protrusions 122, in such a case, the cladding ma-
terial 123 can completely cover the protrusions 122,
which can protect the protrusions effectively and facilitate
subsequent encapsulation.

[0066] Insomeembodiments ofthis disclosure, the de-
tector unit further includes: an encapsulation layer 130.
The encapsulation layer located at least on the microlens
array 120. The encapsulation layer can protect the de-
tector unit. In some embodiments of this disclosure, the
top surface of the cladding material filled between the
protrusions is higher than the top surface of the protru-
sions 122, in such a case, the encapsulation layer con-
tacts with the cladding material 123 directly, that is, en-
capsulation is performed on the surface of the cladding
material 123 directly. In some other embodiments of this
disclosure, when the protrusions 122 are exposed from
the cladding material 123 or the detector unit does not
include the encapsulation layer, the encapsulation ma-
terial contacts with the surface of the protrusions directly,
that is, encapsulation is performed on the surface of the
microlens array 120 directly.

[0067] Insomeembodiments ofthis disclosure, a proc-
ess of forming the microlens array 120 includes: a dep-
osition process. Specifically, the process of forming the
microlens array 120 includes: depositing a lens material
layer on the surface of the photosensitive pixel 110; form-
ing a patterned layer on the surface of the lens material
layer, a to-be-etched region of the lens material layer
being exposed from the patterned layer; and etching the
microlens material layer using the patterned layer as a
mask, to form a microlens array 120 with the protrusions.
In some embodiments, the cladding material 123 is fur-
ther filled between the adjacent protrusions 122. In such
a case, after the etching to form the microlens array 120,
the process further includes: filling the cladding material
123 between the adjacent protrusions.

[0068] As shown in FIG. 2, in some embodiments of
this disclosure, the microlens is a planar microlens, that
is, in the microlens, heights of surfaces of all protrusions
are the same, and surfaces through which light transmits
are all flat planes, instead of curved surfaces. Specifical-
ly, a surface of the microlens facing the encapsulation
material is parallel to the surface of the photosensitive
pixel 110. Using planar lens and avoiding curved surfac-
es can ensure the controllability of the manufacturing
process effectively, and can ensure the accuracy of the
microlens effectively.

[0069] Specifically, in some embodiments of this dis-
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closure, the microlensincludes: multiple protrusions 122.
The microlensis a diffractive lens, thatis, lightis diffracted
during projection onto the multiple protrusions 122 to
achieve convergence effects.

[0070] The microlens is a diffractive lens. The micro-
lens does not rely on the refraction effect caused by the
difference in surface refractive index. In such a case, no
matter whether the surface of the microlens is air or an
encapsulation material with a different refractive index,
it will not affect the diffraction effect of the microlens, that
is, the optical performance of the microlens is not affected
by the material it contacts with, and it can contact with
the encapsulation material directly.

[0071] Referringto FIGS. 3 to 5, FIG. 3 shows a sche-
matic diagram of a light path configuration for converging
light by a microlens in a microlens array 120 of the de-
tector unit shown in FIG. 2; FIG. 4 shows a schematic
diagram of magnified structure of the microlens shown
inFIG. 3;and FIG. 5 shows a schematic diagram of phase
distribution of light during transmission of the light
through the microlens shown in FIG. 3.

[0072] Insome embodiments of this disclosure, the mi-
crolens 121 is a Fresnel zone plate ("FZP"). The Fresnel
zone plate is formed of a series of protruding rings with
different radiuses and different widths. When the micro-
lens is a Fresnel zone plate, in a plane parallel to the
surface of the photosensitive pixel 110, a section of the
protrusion 122 is annular, and the multiple protrusions
122 are distributed in a concentric annulus (shown as a
small picture 501 in FIG. 5).

[0073] As shown in FIG. 5, the horizontal axis repre-
sents the section radius of the protrusion 122, and the
longitudinal axis represents the phase. Line 502 repre-
sents a surface profile of the microlens. Specifically, with
reference to FIG. 4, a phase difference between a top
surface 122a of the protrusions 122 and a surface 124a
of a base 124 between the protrusions 122 is =, that is,
a phase difference between top surfaces of the rings and
a bottom surface of a gap between the rings is =.
[0074] In such a case, by controlling a height h of the
protrusions 122 protruding from the surface 124a of the
base 124, the phase difference between the top surfaces
122a of the protrusions 122 and the surface 124a of the
base 124 between the protrusions 122 satisfies prede-
termined requirements. A relationship between the
phase difference between the top surfaces 122a of the
protrusions 122 and the surface 124a of the base 124
between the protrusions 122 and the height h of the pro-
trusions 122 protruding from the base 124 satisfies:

h(n-ny)

AQ=21

? x
where n is the refractive index of the material of the pro-
trusions 122, n is the refractive index of the gap material
between the protrusions 122, and A is the wavelength of
the transmitted light.
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[0075]
isfies:

In addition, the radius of the protrusion 122 sat-

k- k-
R [ (e kD)
n 4n

where n is the refractive index of the material below the
protrusions (e.g., the base 124), and k is the ring order.
[0076] Specifically, the radius R1 in FIG. 4 represents
the radius of the first order ring in the protrusions, that is,
the radius of the ring with the order k=1 in the protrusions.
The radius R2 in FIG. 4 represents the radius of the sec-
ond order ring in the protrusions, thatis, the radius of the
ring with the order k=2 in the protrusions. Specific sizes
of the radius R1 and the radius R2 can be determined
based on the above formula of R,.

[0077] Referring to FIG. 6, a schematic diagram of
phase distribution of light during transmission of the light
through a microlens of a detector unit in another embod-
iment of this disclosure is shown.

[0078] In an embodiment of this disclosure, the micro-
lens can further be a metalens. The metalens is com-
posed of periodically arranged structural units with dif-
ferent sectional sizes. Each structural unit corresponds
to a different phase change. Structural units correspond-
ing different positions are arranged based on target spa-
tial phase distribution.

[0079] In some embodiments of this disclosure, the
structural unit is a cylinder or a cuboid. In such a case,
when the microlens is a metalens, in a plane parallel to
the surface of the photosensitive pixel, a section of the
protrusion 222 is annular or rectangular, and sectional
sizes of the multiple protrusions 222 are different. And
the multiple protrusions 222 are distributed in a plane
parallel to the surface of the photosensitive pixel based
on a predetermined rule (shown as a small picture 601
in FIG. 6).

[0080] AsshowninFIG. 6, the structural units (the pro-
trusions 222) are illustrated as cylinders, the horizontal
axis represents a distance between the center of the pro-
trusions 222 and the center of the microlens, and the
longitudinal axis represents the phase. Line 602 repre-
sents the phase at different positions of the microlens.
The distance between the center of the protrusions 222
and the center of the microlens is represented as r, and
the phase at r satisfies:

o= [27” <J@f>] mod27)

[0081] Each of the protrusions 222 can cause a phase
delay, and the following theoretical computation can be
performed based on a waveguide model:
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where A is the wavelength of the transmitted light, ng is
the effective refractive index of the fundamental mode of
transmission in the protrusions 222, and H is the height
of the protrusions 222.

[0082] The height H of each of the protrusions 222 is
equal, and the phase delay caused by each of the pro-
trusions 222 is mainly associated with the sectional size
of the protrusion 222 (that is, the sectional size of the
protrusion 222 affects ngg).

[0083] Referring to FIG. 7, a relationship between a
protrusion in a metalens and a transmission phase of the
detector unitinthe embodiment shownin FIG. 6 is shown.
[0084] Specifically, the protrusion 222 of the microlens
is a cylinder. In FIG. 7, the horizontal axis represents the
sectional radius of the protrusion 222, the longitudinal
axis represents the transmission phase, the data line 701
represents a result of the finite difference time domain
("FDTD") simulation, and the data line 702 represents a
computation result based on the waveguide model.
[0085] Itshould be noted that the actual design can be
based on the simulation result or theoretical computation
based on the above formula. Alternatively, the actual de-
sign can be based on the simulation results with refer-
ence to the computation results based on the waveguide
model.

[0086] As can be seen from the above description, the
microlens in some embodiments of this disclosure is a
diffractive lens, and the structural size of the microlens
is associated with the wavelength of the transmitted light.
The structural size of the microlens is determined based
on the wavelength (working wavelength) of light to be
sensed by the photosensitive device. In such a case, the
best focusing effect for incident light at the working wave-
length can be ensured, and interference light outside the
working wavelength can be notfocused effectively, which
canreduce the impact of interference light on the sensing
device.

[0087] Referring to FIGS. 6 and 7, the size of the pro-
trusion 222 is associated with the required phase delay
at the position of the protrusion 222. In such a case, a
required phase difference of the protrusions 222 at dif-
ferent positions is determined based on a predetermined
focal length f and distance r, and then the sectional size
of the protrusion 222 is determined based on the phase
difference.

[0088] It should be noted that in some embodiments
of this disclosure, the detector unit further includes: an
air gap. The air gap located at least between adjacent
protrusions 222. The refractive index of air is very low.
Retaining an air gap between adjacent protrusions 222
can increase the refractive index difference between the
protrusions 222 and the surrounding environment to en-
sure good optical performance, while keeping the man-
ufacturing process relatively simple and low impact on
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encapsulation.

[0089] It should be further noted that in some embod-
iments of this disclosure, the focal length of the microlens
is larger than a distance from the surface of the photo-
sensitive device to the depletion layer. The distance is a
vertical distance from the depletion layer to the surface
of the photosensitive device. Increasing the focal length
of the microlens and reducing its numerical aperture with
the diameter remaining unchanged is advantageous for
reducing the manufacturing difficulty and improve the
manufacturing accuracy and focusing effect of the mic-
rolens. The microlens of this disclosure has a relatively
large focal length, and can be used in a back side illumi-
nation photosensitive device and a front side illumination
photosensitive device.

[0090] Referring to FIG. 8, a schematic diagram of a
cross-sectional structure of a detector unit in still another
embodiment of this disclosure is shown.

[0091] Insome embodiments of this disclosure, the mi-
crolens 812 can converge a light signal to a high electric
field region 813 of a corresponding photosensitive device
811, that is to say, a focal length of the microlens 812
satisfies a predetermined condition, to converge light to
the high electric field region 813 of the corresponding
photosensitive device 811.

[0092] As shown in FIG. 8, in some embodiments of
this disclosure, the photosensitive device 811 is a back
side illumination ("BSI") photosensitive device 811, that
is to say, an electrode 814 of the photosensitive device
811 is located on one side, and the light is incident on
the other side of the photosensitive device 811. The high
electric field region 813 is located in a depletion layer of
the photosensitive device 811.

[0093] Specifically, the photosensitive device 811 in-
cludes a first surface 811a provided with the electrode
814 and a second surface 811b opposite to the first sur-
face 811a. The microlens array is located on a side of
the second surface 811b. Therefore, the photosensitive
device 811 includes an epitaxial layer 815, the epitaxial
layer 815 can absorb photons to achieve detection; an
electrode 814, the electrode 814 being located on a sur-
face on a side of the epitaxial layer 815; and the microlens
812 located on a surface on a side of the epitaxial layer
815 away from the electrode 814. The light signal is in-
cident on the epitaxial layer 815 after being transmitted
through the microlens 812. The microlens 812 converges
the transmitted light to the high electric field region 813
in the epitaxial layer 815.

[0094] In some embodiments of this disclosure, the
light signal is reflected from the first surface 811a of the
photosensitive device 811 after transmitting sequentially
through the microlens array and the photosensitive de-
vice 811. After the light is incident on the epitaxial layer
815, partial light signal is absorbed by the epitaxial layer
815 to achieve detection; partial light transmits through
the epitaxial layer 815 and is reflected from the surface
on the side provided with the electrode 814, and is re-
incidenton the epitaxiallayer 815 toincrease a probability
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of being absorbed and detected.

[0095] Insome embodiments of this disclosure, the de-
tector unit further includes: a reflective layer 816. The
reflective layer 816 is located on the first surface 811a
of the photosensitive device 811. The reflective layer 816
can increase a probability that the light transmitting
through the photosensitive device 811 can be reflected
from the first surface 811a of the photosensitive device
811.

[0096] For the microlens array, the microlenses 812
tend to have large diameters and short focal lengths. In
such a case, typically, the microlenses 812 in the micro-
lens array tend to have large numerical apertures ("NA").
And it is difficult to process a lens with a large numerical
aperture. However, in the embodiment shown in FIG. 8,
the focal length of the microlens 812 enables the incident
light to be focused on the focal point after being reflected
from the electrode 814 or the reflective layer 816 , which
can increase the focal length of the microlens 812 with
the diameter remaining unchanged, reduce the numeri-
cal aperture of the microlens 812 effectively, and reduce
the manufacturing difficulty of the microlens 812. Partic-
ularly, when the microlens 812 is a metalens, the reduc-
tion of the numerical aperture can further improve the
transmittance rate and focusing effect of the microlens
812 effectively.

[0097] Referringto FIG. 9, focusing of parallel incident
light by the microlens 812 of the detector unit in the em-
bodiment shown in FIG. 8 is shown.

[0098] It should be noted that in the embodiment
shown in FIG. 8, the microlenses 812 in the microlens
array are metalenses.

[0099] Specifically, the horizontal axis represents a
distance between the center of the protrusions and the
center of the microlenses 812, and the longitudinal axis
represents a distance to a surface of the photosensitive
device 811 where light is incident. In FIG. 9, a region
between a dotted line 901 and a dotted line 902 corre-
sponds to the metalens, a region between the dotted line
902 and a dotted line 903 corresponds to a dielectric
layer covering the epitaxial layer 815 in the photosensi-
tive device 811 (the dielectric layer can serve the function
for isolation, protection, and anti-reflection. The material
of the dielectric layer includes at least one of silicon oxide
and silicon nitride), a region between the dotted line 903
and a dotted line 904 corresponds to the epitaxial layer
815 of the photosensitive device 811, and a region be-
tween the dotted line 904 and the horizontal axis corre-
sponds to the electrode 814.

[0100] AsshowninFIG. 9, the combination of the back
side illumination photosensitive device 811, the electrode
814, and the reflective layer 816 can extend the focal
length of the microlens 812 effectively. In such a case,
the light is reflected from the electrode 814 and the re-
flective layer 816 and then converged to the high electric
field region 813 of the epitaxial layer 815 of the photo-
sensitive device 811, and the microlens 812 can focus
light effectively. Specifically, in the embodiment where
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the back side illumination photosensitive device 811 is
combined with the electrode 814 and the reflective layer
816, the focal length of the microlens 812 should be a
sum of the thickness of the epitaxial layer 815 of the pho-
tosensitive device 811 and a distance from the surface
of the reflective layer 816 to the high electric field region
813.

[0101] Referring to FIG. 10, a schematic structural di-
agram of a detector unit in another embodiment of this
disclosure is shown.

[0102] In some embodiments of this disclosure, the
photosensitive device 1011 is a front side illumination
("FSI") photosensitive device, that is to say, the light is
incident on a side of the photosensitive device 1011 pro-
vided with an electrode 1014.

[0103] Specifically, the photosensitive device 1011 in-
cludes a first surface 1011a provided with the electrode
1014 and a second surface 1011b opposite to the first
surface 1011a; and the microlens array is located on a
side of the first surface 1011a. In such a case, the elec-
trode 1014 of the photosensitive device 1011 and the
microlens array are stacked sequentially on a surface of
a side of an epitaxial layer of the photosensitive device
1011. The light signal is incident on the epitaxial layer
after transmitting through the microlens 1012. The mic-
rolens 1012 converges the transmitting light to the high
electric field region 1013 in the epitaxial layer. The high
electric field region 1013 is located in a depletion layer
of the photosensitive device 1011.

[0104] It should be noted that in the embodiment
shown in FIG. 10, the photosensitive device 1011 in-
cludes 2 electrodes, one of the electrodes 1014 is located
on the first surface 1011a, and the other electrode 1014
is located on the second surface 1011b. There is a rela-
tively thick substrate region between the electrode 1014
and the high electric field region 1013 of the FSI device.
Light can be completely absorbed during propagation in
the substrate, and cannot be reflected back to the high
electric field region from the electrode 1014.

[0105] As shown in FIG. 10, in some embodiments of
this disclosure, the microlens 1012 further includes: a
filler layer 1016. The filler layer 1016 is located on the
first surface 1011a of the photosensitive device 1011.
The filler layer 1016 can increase a distance between
the microlens 1012 and the high electric field region 1013
of the corresponding photosensitive device 1011, which
can achieve the purpose of increasing the focal length
and reducing the numerical aperture; and further keep
converged light away from the electrodes to improve the
detection efficiency.

[0106] Specifically, the material of the filler layer 1016
is alowlightloss material. Using the low lightloss material
to manufacture the filler layer 1016 can reduce the loss
when light transmits through the filler layer 1016 effec-
tively, and improve the detection efficiency effectively.
For example, the material of the filler layer 1016 can be
silicon oxide. The silicon oxide material is highly compat-
ible with the manufacturing process of the photosensitive
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device 1011 and the microlens array, and can reduce the
impact of the arrangement of the filler layer 1016 effec-
tively. The thickness of the filler layer 1016 is determined
based on the numerical aperture of the microlens 1012
and process limitations. That is to say, the numerical ap-
erture of the microlens 1012 is designed based on the
process limitations to determine a shortest focal length
f, and then determine the thickness of the filler layer 1016
based on the focal length f. That is, the thickness of the
filler layer 1016 is the focal length f minus a distance from
the surface of the photosensitive device 1011 to the high
electric field region.

[0107] Referring to FIG. 11, focusing of parallel inci-
dent light by the microlens 1012 of the detector unit in
the embodiment shown in FIG. 10 is shown.

[0108] It should be noted that in the embodiment
shown in FIG. 10, the microlenses 1012 in the microlens
array are metalenses.

[0109] Specifically, the horizontal axis represents a
distance between the center of the protrusions and the
center of the microlenses 1012, and the longitudinal axis
represents a distance to a surface of the photosensitive
device 1011 where light is incident. In FIG. 11, a region
between a dotted line 1101 and a dotted line 1102 cor-
responds to the metalens, a region between the dotted
line 1102 and a dotted line 1103 corresponds to the filler
layer 1016, and a region between the dotted line 1103
and the horizontal axis corresponds to an epitaxial layer
of the photosensitive device 1011.

[0110] As shown in FIG. 11, after transmitting through
the metalens and the filler layer 1016, the light is focused
on the epitaxial layer of the photosensitive device 1011,
and on a high electric field region close to a PN junction
formed in the epitaxial layer, which can ensure that the
lightsignal is concentrated in the high electric field region,
increase a probability for the light signal to be absorbed
and to excite carriers effectively, trigger avalanche ef-
fects, and improve the effective detection of the light sig-
nal effectively.

[0111] It should be noted that in the foregoing embod-
iments, the microlenses are all meta-microlenses. The
metalenses have higher focusing efficiency, and can
more improve the detection efficiency effectively. How-
ever, the implementation of combining the meta-micro-
lens with the back side illumination photosensitive de-
vice, or combining the meta-microlens with the front side
illumination photosensitive device is just an example. In
other embodiments of this disclosure, the microlens com-
bined with the back side illumination photosensitive de-
vice or the microlens combined with the front side illumi-
nation photosensitive device can also be a Fresnel zone
plate.

[0112] Referring to FIG. 12, focusing of parallel inci-
dent light by the microlens of the detector unit in yet an-
other embodiment of this disclosure is shown.

[0113] It should be noted that in the embodiment
shown in FIG. 12, the microlenses in the microlens array
are Fresnel zone plates. The photosensitive device is a
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front side illumination photosensitive device, and a filler
layeris also provided between the microlens and the pho-
tosensitive device.

[0114] Specifically, the horizontal axis represents the
radius of the protrusion, and the longitudinal axis repre-
sents a distance to a surface of the photosensitive device
where light is incident. In FIG. 12, a region between a
dotted line 1201 and a dotted line 1202 corresponds to
the Fresnel zone plate, a region between the dotted line
1202 and adotted line 1203 corresponds to thefiller layer,
and a region between the dotted line 1203 and the hor-
izontal axis corresponds to an epitaxial layer of the pho-
tosensitive device.

[0115] AsshowninFIG. 12, the Fresnel zone plate can
also focus the incident light on the high electric field re-
gions. The larger size of the Fresnel zone plate can re-
duce manufacturing difficulty, and improve the yield ef-
fectively.

[0116] Accordingly, this disclosure further provides a
detector array, specifically including: detector units ar-
ranged in an array. The detector units are the detector
units described in this disclosure.

[0117] Because the detector units are the detector
units described in this disclosure, specific technical so-
lution of the detector units refers to the foregoing embod-
iments of the detector units, which is not repeated here
in this disclosure.

[0118] The material of the protrusion used to converge
light of the microlens in the detector unit is an inorganic
material. A refractive index of the material of the protru-
sion is different from a refractive index of an encapsula-
tion material of the detector unit. In such a case, encap-
sulation can be performed on a surface of the microlens
directly, that is, the encapsulation material can contact
with the surface of the microlens without retaining an air
gap between the encapsulation material and the micro-
lens, which can improve the reliability of the device ef-
fectively, and reduce the encapsulation difficulty. Partic-
ularly, for a vehicle device, reducing formation of the air
gap is advantageous for passing the vehicle regulation
certification.

[0119] Accordingly, this disclosure further provides a
detector array motherboard, specifically including: mul-
tiple detector arrays. The detector arrays are the detector
arrays described in this disclosure.

[0120] Because the detector arrays are the detector
arrays described in this disclosure, for specific technical
solution of the detector arrays, reference is made to the
foregoing embodiments of the detector arrays, which is
not repeated here in this disclosure.

[0121] Inaddition, this disclosure further provides ade-
tector, including: atleast one detector array. The detector
array is the detector array described in this disclosure.
[0122] Becausethe detector array is the detector array
describedin this disclosure, for specific technical solution
of the detector arrays, reference is made to the foregoing
embodiments of the detector arrays, which is not repeat-
ed here in this disclosure.
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[0123] The material of the protrusion used to converge
light of the microlens in the detector unit of the detector
array is an inorganic material. A refractive index of the
material of the protrusion is different from a refractive
index of an encapsulation material of the detector unit.
In such a case, encapsulation can be performed on a
surface of the microlens directly, that is, the encapsula-
tion material can contact with the surface of the microlens
without retaining an air gap between the encapsulation
material and the microlens, which can improve the reli-
ability of the device effectively, and reduce the encapsu-
lation difficulty. Particularly, for a vehicle device, reducing
formation of the air gap is advantageous for passing the
vehicle regulation certification.

[0124] The detector array in the detector can be en-
capsulated without retaining the air gap, with low encap-
sulation difficulty and high reliability. The detectoris more
compliant with the vehicle regulation certification.
[0125] In addition, this disclosure further provides a
LiDAR. The LiDAR includes: a light source used to gen-
erate light; and a detector used to receive echo light. The
detector is the detector described in this disclosure.
[0126] To sum up, in the technical solutions of this dis-
closure, the material of the protrusion used to converge
light of the microlens is an inorganic material. A refractive
index of the material of the protrusion is different from a
refractive index of an encapsulation material of the de-
tector unit. In such a case, encapsulation can be per-
formed on a surface of the microlens directly, that is, the
encapsulation material can contact with the surface of
the microlens without retaining an air gap between the
encapsulation material and the microlens, which can im-
prove the reliability of the device effectively, and reduce
the encapsulation difficulty. Particularly, for a vehicle de-
vice, reducing formation of the air gap is advantageous
for passing the vehicle regulation certification.

[0127] Further, the microlens array is formed on the
surface of the photosensitive pixel directly. The microlens
array is integrated with the photosensitive pixel directly,
which not only can improve the integration level of the
device effectively and improve the stability of the device,
but also can reduce assembly steps in the later stage
and reduce the assembly difficulty.

[0128] In addition, the microlens is a planar lens, that
is, in the microlens, heights of surfaces of all protrusions
are the same, and surfaces through which light transmits
are all flat planes, instead of curved surfaces. A surface
of the microlens facing the encapsulation material is par-
allel to the surface of the photosensitive pixel. Using pla-
nar lens and avoiding curved surfaces can ensure the
controllability of the manufacturing process effectively,
and can ensure the accuracy of the microlens effectively.
[0129] Although this disclosure is disclosed as above,
this disclosure is not limited to the above. Any person
skilled in the art may make various changes and modifi-
cations without departing from the spirit and scope of this
disclosure, and therefore the scope of protection of this
disclosure shall be subject to the scope limited by the
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claims.

Claims

1.

10.

A detector unit, comprising:

a photosensitive pixel comprising a plurality of
photosensitive devices; and

a microlens array located on a side of the pho-
tosensitive pixel, wherein a light is incident on
the side, and the microlens array comprises a
plurality of microlenses having a one-to-one re-
lationship with the plurality of photosensitive de-
vices, and wherein

a microlens of the plurality of microlenses com-
prises a protrusion, and a material of the protru-
sion is an inorganic material.

The detector unit of claim 1, wherein the inorganic
material is silicon.

The detector unit of claim 1 or 2, wherein the micro-
lens array is formed on a surface of the photosensi-
tive pixel.

The detector unit of claim 1, wherein a process of
forming the microlens array comprises a deposition
process.

The detector unit of claim 1, wherein the microlens
is a planar microlens.

The detector unit of claim 5, wherein the microlens
comprises a plurality of protrusions, and the micro-
lens is a diffractive lens.

The detector unit of claim 6, wherein the microlens
is at least one of a Fresnel zone plate or a metalens.

The detector unit of any of claims 1 and 5-7, wherein
the microlens is configured to converge a light signal
to a high electric field region of a corresponding pho-
tosensitive device.

The detector unit of claim 8, wherein the photosen-
sitive device is a back side illumination photosensi-
tive device;

the photosensitive device comprises a first sur-
face provided with an electrode and a second
surface opposite to the first surface; and

the microlens is located on a side of the second
surface.

The detector unit of claim 9, further comprising:
a reflective layer located on the first surface of the
photosensitive device.
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The detector unit of claim 9, wherein the light signal
is reflected from the first surface of the photosensi-
tive device after being transmitted through the mic-
rolens array and the photosensitive device sequen-
tially.

The detector unit of claim 8, wherein the photosen-
sitive device is a front side illumination photosensi-
tive device;

the photosensitive device comprises a first sur-
face provided with an electrode and a second
surface opposite to the first surface; and

the microlens array is located on a side of the
first surface.

The detector unit of claim 12, wherein the microlens
further comprises:
a filler layer located on the first surface of the pho-
tosensitive device.

The detector unit of claim 13, wherein a material of
the filler layer is a low light loss material.

The detector unit of claim 14, wherein the material
of the filler layer is silicon oxide.

The detector unit of claim 1, further comprising:

a cladding material at least filling a gap between ad-
jacent protrusions, wherein a refractive index of the
cladding material is lower than a refractive index of
the material of the protrusions.

The detector unit of claim 16, wherein a top surface
of the cladding material is higher than a top surface
of the protrusion.

The detector unit of claim 1, further comprising:
an air gap located at least between adjacent protru-
sions.

The detector unit of any of claims 1 and 16 to 18,
further comprising:

an encapsulation layer located at least on the mic-
rolens array.

The detector unit of claim 1, wherein the photosen-
sitive device is a single photon detector device.

The detector unit of claim 20, wherein the microlens
is configured to converge a light signal to a depletion
layer of a corresponding photosensitive device.

A detector array, comprising:
detector units of any of claims 1-21 arranged in an

array.

A detector array motherboard, comprising:
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a plurality of detector arrays of claim 22.

24. A detector, comprising:
at least one detector array of claim 22.

25. A LIDAR, comprising:
a light source configured to generate light; and

adetector of claim 24 configured to receive echo
light.
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